Approximately 4.5 million people worldwide are living with various forms of lymphoma, and an estimated 300,000 people die each year from lymphoma. In terms of incidence and death, non-Hodgkin's lymphoma (NHL) is the second fastest growing cancer in the United States and the third fastest growing in the rest of the world. NHL has grown in incidence by 80% since the early 1970s in the United States. [1] [2] [3] The etiology of NHL and leukemia is still primarily unknown; however, research has focused on at least four possible factors that may contribute to the development of lymphoma, including genetic factors, autoimmune disorders, viruses such as human immunodeficiency virus, and exposure to pesticides. 4, 5 Epidemiological studies have linked exposure to environmental contaminants such as polychlorinated biphenyls and polychlorinated dibenzodioxins/furans (PCDD/PCDF) with increased incidence of NHL and myeloid leukemia. 6 -13 The environmental pollutant dioxin or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) is a byproduct in pesticides and a persistent chemical formed in various combustion processes that accumulates in the food chain. TCDD is now listed as a human carcinogen.
14 TCDD is the prototype of AhR ligands with a very high binding affinity for the AhR. The involvement of an AhR-mediated pathway has been implicated in animal models demonstrating benzene-induced leukemia. 15 Activation of the AhR in the absence of exogenous ligands has been described in T-cell leukemia cells and lymphoma cells. 16, 17 A hallmark of leukemic/lymphoma cells is the ability to proliferate in the absence of exogenous growth factors and to escape apoptosis. As a consequence of a suppressed apoptotic response, malignant cells can escape from immune control, accumulate genetic defects, and proliferate to expand their cell population. Therefore, inhibition of DNA damage-or stress-induced apoptosis plays an important role in the development of lymphoma/ leukemia and has been suggested as a mechanism of carcinogenic action of AhR-activating agents like TCDD. 18, 19 Previous studies have shown that the activated AhR may inhibit apoptosis in different cell types and tissue. For instance, the ligand-activated AhR led to resistance of UV-induced apoptosis in rat primary and mouse hepatocytes. 20 , 21 Ray and Swanson 22 have shown that TCDD induces immortalization and inhibits senescence in normal human keratinocytes in an AhR-dependent manner. Further, the tumor-promoting activity of TCDD was found to be preferentially mediated by a decrease of apoptosis in enzyme-altered liver foci. 23 Recent data obtained by Davis and colleagues 24 and Park and Matsumura 25 show that the TCDD-activated AhR also inhibits apoptosis in the human mammary epithelial cell line MCF10A.
The CAAT/enhancer-binding protein ␤ (C/EBP␤) is implicated in the regulation of many different molecular and physiological processes. Recent studies identified C/EBP␤ as a critical component of an autocrine survival pathway in myeloid tumor cells. 26 C/EBP␤ has also been shown to deregulate Bcl-2 and apoptosis in lymphoma cells. 27 In addition, overexpression of C/EBP␤ leads to hyperproliferation and transformation of normal mammary epithelial MCF10A cells. 28 C/EBP␤ knockout mice exhibit increased (17-fold) apoptosis in epidermal keratinocytes in response to carcinogen treatment and are completely resistant to carcinogen-induced skin tumorigenesis compared with wild-type mice 29, 30 and seem also to be resistant to development of lymphomas in a carcinogenesis model, whereas wild-type animals frequently developed lymphomas (Dr. Peter Johnson, National Cancer Institute-Frederick; personnel communication).
C/EBP␤ has also emerged as a key transactivator for cyclooxygenase (COX)-2 expression induced by proinflammatory mediators. It has been shown to regulate COX-2 transcriptional activation in murine and human cells induced by diverse inflammatory stimuli 31 and chemicals. 32, 33 COX-2 is an important enzyme in regulation of cell growth, differentiation, and apoptosis. 34 COX-2 converts arachidonic acid to prostaglandins, which results in up-regulation of antiapoptotic proteins Bcl-2, PI3K-Akt, and Mcl-1, which may lead to enhanced tumor cell growth. 35 The elevated expression of COX-2 is closely related to the enhancement of malignant transformation, which is in line with findings indicating the involvement of COX-2 in numerous malignancies including colon, breast, and lung cancer. 36 More recently, the potential role of COX-2 in leukemia and lymphoma pathogenesis has been reported. For instance, COX-2 reduces apoptosis and cellular attachment to the extracellular matrix. Increased levels of COX-2 and decreased progenitor adherence to bone marrow extracellular matrix have been observed in chronic myeloid leukemia. 37 The increased expression and activity of COX-2 in the pathogenesis of lymphoma has also been described in a recent study 38 and in leukemia cell lines by Nakanishi and colleagues. 39 These data are in line with another report showing that COX-2 overexpression represents a mechanism of resistance to apoptosis in B-chronic lymphoid leukemia and that pharmacological suppression of COX-2 might enhance chemotherapy-mediated apoptosis. 40, 41 In addition, a number of recent reports have implicated COX-2 in the pathogenesis and resistance to therapy. In fact, one study demonstrated improved efficacy when the COX-2 inhibitor thalidomide was added in patients with multiple myeloma. 42 Based on reports from the literature indicating that COX-2 as well as C/EBP␤ play a critical role mediating resistance to apoptosis in response to AhR agonists, we have further characterized the putative role of C/EBP␤ and COX-2 in regulating cell growth/apoptosis of various lymphoma cell types in vitro as well as a possible association with the development of lymphoma in a mouse model after treatment with TCDD.
Materials and Methods

Reagents
TCDD (Ͼ99% purity) was originally obtained from Dow Chemicals Co. (Midland, MI). Dimethyl sulfoxide and corn oil were obtained from Sigma (St. Louis, MO). NS-398 was obtained from Calbiochem (La Jolla, CA). 3Ј-Methoxy-4Ј-nitroflavone was a kind gift of Josef Abel (University of Dusseldorf, Dusseldorf, Germany). Other molecular biological reagents were purchased from Qiagen (Valencia, CA) and Roche (Indianapolis, IN).
Lymphoma Cell Lines
The histiocytic lymphoma cell line U937 was obtained from American Type Culture Collection (Manassas, VA) and the NHL cell line DOHH-2 from DSMZ (Braunschweig, Germany). The Burkitt lymphoma cell line Namalwa was a kind gift of E. McGrath (National Cancer Institute, National Institutes of Health, Bethesda, MD). Cells were maintained in RPMI 1640 medium containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA), supplemented with 4.5 g/L glucose, 1 mmol/L sodium pyruvate, and 10 mmol/L HEPES without antibiotics. Cell culture was maintained at a cell concentration between 2 ϫ 10 5 and 2 ϫ 10 6 cells/ml.
Apoptosis Detection by Annexin V Staining
Cells were seeded at 1 ϫ 10 4 cells in 12-well culture plates. After treatment for 72 hours with 10 nmol/L TCDD, apoptosis was induced by UV light (100 J/cm 
Transfection of siRNA
Transfection of siRNA into cells was performed via Nucleofector technology as described. 43 In brief, 10 6 cells were resuspended in 100 l of Nucleofector Solution V (Amaxa GmbH, Kö ln, Germany) and nucleofected with 1.5 g of the corresponding siRNA using program V-001, which is preprogrammed into the Nucleofector device (Amaxa). After nucleofection, the cells were immediately mixed with 500 l of prewarmed RPMI 1640 medium and transferred into six-well plates containing 1. Figure 4 ).
Quantitative Real-Time PCR
For preparation of total RNA from lymph nodes and spleen, the tissues were homogenized first in TRIzol using a TissueLyser (Qiagen). The RNA was extracted with chloroform and further purified with a highly pure RNA isolation kit (Qiagen). RNA extraction and cDNA synthesis were performed as previously described. 44 Quantitative detection of mouse and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), COX-2, C/EBP␤, and members of the Bcl-2 gene family was performed with a LightCycler Instrument (Roche Diagnostics, Mannheim, Germany) using the Fast Real-Time SYBR Green PCR Kit (Qiagen) according to the manufacturer's instructions. Primer sequences are listed in Table 1 . DNAfree total RNA (0.01 to 1.0 g) was reverse-transcribed using 4 U of Omniscript reverse transcriptase (Qiagen) and 1 g of oligo(dT) 15 in a final volume of 40 l. The primers for each gene were designed on the basis of the respective cDNA or mRNA sequences using OLIGO primer analysis software, provided by Steve Rosen and Whitehead Institute/Massachusetts Institute of Technology Center for Genome Research, Cambridge, MA. PCR amplification was performed in a total volume of 20 l, containing 2 l of cDNA, 10 l of 2ϫ Fast Real-Time SYBR Green PCR master mix, and 0.2 mol/L of each primer. The PCR cycling conditions were 95°C for 5 minutes followed by two-step cycling 40 cycles of 95°C for 10 seconds, and 60°C for 30 seconds. Gene expression was quantified using an absolute standard curve method according to Leong and colleagues. 45 In brief, the single amplified PCR product was verified based on size in a 3% agarose gel under UV illumination. The gel band containing the DNA target was excised and digested to recover and purify the amplified product. The concentration of the amplified product was measured with a spectrophotometer. Using the average molecular weight of the product and Avogadro's constant, the number of copies per unit volume was calculated. The volume of the purified linear dsDNA standards was adjusted to 10 10 copies per l. This stock solution was serially diluted to obtain a standard series from 10 9 to 10 copies per l with each step differing by 10-fold. When assaying the samples for the gene of interest, the corresponding standards series was run under the same conditions, and the copy numbers of samples was determined by reading off the standards series with the C t values of the samples. Detection of the fluorescent product was performed at the end of the 60°C combined annealing/extension period. Negative controls were run concomitantly to confirm that the samples were not cross-contaminated. A sample with DNaseand RNase-free water instead of RNA was concomitantly examined for each of the reaction units described above. To confirm the amplification specificity, the PCR products were subjected to melting curve analysis. All PCR assays were performed in duplicate or triplicate. The intra-assay variability was Ͻ7%. For quantification, data were analyzed with the LightCycler analysis software according to the manufacturer's instructions.
Western Blot Analysis
To analyze the level of intracellular COX-2 protein, wholecell protein extracts (25 g) were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and blotted onto a polyvinylidene difluoride membrane (Immuno-Blot; Bio-Rad, Hercules, CA). Blotted filters were blocked for 60 minutes in a 3% suspension of dried skimmed milk in 
FP, forward primer; RP, reverse primer. 
Identification of Prostanoid Synthesis by Liquid Chromatography/Mass Spectrometry (LC/MS)
To obtain insights into the possible alteration of the synthesis of prostaglandins, which are involved in cellular processes including cell growth, differentiation, and apoptosis, LC/MS analyses was performed. Cell culture media of U937 cells was collected at various time points and spiked with internal standards and extracted as previously described. 46 After gentle base hydrolysis, extracts were separated by reversed phase high performance liquid chromatography and analyzed using negative mode electrospray ionization with a tandem mass spectral detector (Quattro Premiere; Micromass, Milford, MA) operated in multireaction monitoring mode. The analytical procedures remained essentially as published 46 ; however, the mass spectral acquisition parameters have been modified to allow the simultaneous quantification of prostanoids; thromboxanes; lipoxins; hydroxyl-furans; ketones; epoxides; and mono-, di-, and tri-hydroxy metabolites of arachidonic and linoleic acids (Ͼ40 analytes).
Animals and Treatment
Female C57BL/10J mice were purchased from Jackson Laboratory (West Sacramento, CA). Mice were housed (four per cage) in a selective pathogen-free facility and humidity-and temperature-controlled room. The animals were maintained on a 12:12 hour-light/ dark cycle and had free access to water and food according to the guidelines set by the University of California at Davis. Mice were allowed to adapt to the facility for 1 week. Each group consisted of four mice of 8-week-old female C57BL/10J mice fed on a regular diet. TCDD was prepared from a stock solution and diluted in corn oil. TCDD was administered via intraperitoneal injection. The control group received the vehicle corn oil (5 l/g) alone, and the TCDDtreated group received an initial dose of 20 g of TCDD/kg and a biweekly maintenance dose of 1 g/kg TCDD throughout a period of 140 days.
[ 18 
F]Fluorodeoxyglucose (FDG) Administration in Mice and Micropositron Emission Tomography Imaging
Development of lymphoma in C57BL/10J mice was monitored using microPET imaging. MicroPET imaging using FDG has become a useful imaging modality in the staging and treatment evaluation algorithm for lymphoma, providing unique metabolic information. All microPET imaging was conducted in the Center for Molecular and Genomic Imaging (CMGI) at University of California at Davis. PET images were acquired on a Siemens Focus 120 microPET system (Siemens, Knoxville, TN). Image analysis was performed using the accompanying ASIPro (Siemens) software.
Pathogen-free female C57BL/10J mice were anesthetized with isoflurane for the duration of the imaging study. The [
18 F]FDG was injected as a bolus injection into the tail vein of the mouse. One hundred Ci of tracer was injected. The animal was positioned on a custom-built bed in the microPET II scanner. At the moment of radiotracer injection, data acquisition was initiated in list mode on the microPET II scanner. Imaging continued for a total time of 90 minutes. At the end of the study, the list mode data are binned into time frames as follows: 10 frames of 60 seconds, 10 frames of 120 seconds, and 12 frames of 300 seconds. Each frame will be reconstructed with a validated statistical three-dimensional reconstruction algorithm. Lymph nodes from control and TCDD-treated mice were removed for histopathological evaluation and extraction of total RNA.
Histopathology and Immunohistochemistry
At necropsy inguinal and axillary lymph nodes from TCDDtreated mice and controls were fixed in 10% formalin and then paraffin-embedded using standard histology protocols. Five-m sections were cut and stained with hematoxylin and eosin, and further sections were used for immunohistochemistry. Immunohistochemical stains to detect CD3 and Pax-5 were performed to identify T-and B-lymphocyte populations, respectively. Briefly, endogenous peroxidase was blocked with 3% hydrogen peroxidase/methanol. Then the slides were incubated in fresh citrate buffer, pH 6.0, at 125°C for antigen retrieval. The primary antibodies were diluted in 0.5% phosphate-buffered saline and ovalbumin and incubated at room temperature overnight. Detection was performed using a biotinylated secondary antibody followed by the Avidin-Biotin-Peroxidase Complete ABC kit 
Statistics
Data were analyzed by the paired Student's t-test and one-way analysis of variance as appropriate. If statistical significance (P Յ 0.05) was determined by analysis of variance, the data were further analyzed by Tukey's pairwise comparisons to detect specific differences between treatments.
Results
AhR-Mediated Inhibition of Apoptosis in Lymphoma Cell Lines Is COX-2-Dependent
Results in Figure 1 show that activation of AhR by TCDD significantly inhibits UV-induced apoptosis in the human lymphoma cell lines U937, DOHH-2, and Namalwa. The number of UV-induced apoptotic cells was reduced by 25, 35 , and 60% in Namalwa, DOHH-2, and U937 cells, respectively, after treatment with 10 nmol/L TCDD for 48 hours (Figure 1) . Next, we investigated, whether NS-398 is able to abolish the TCDD-mediated inhibition of apoptosis. The chemoprotective effect of the COX-2 inhibitor NS-398 eliminated the anti-apoptotic effect of TCDD by ϳ80 to 95% in vitro. The AhR antagonist 3Ј-methoxy-4Ј-nitroflavone abolished the anti-apoptotic effect of TCDD significantly by ϳ90% (Figure 1 ). The anti-apoptotic effect of TCDD coincided with an increased expression of C/EBP␤, COX-2, and Bcl-xl in all three lymphoma cell lines tested ( Table 2 ). The effect of TCDD on apoptosis and expression of COX-2 was most significant in U937 cells. Therefore, U937 cells were used for further mechanistic studies. Suppression of AhR by gene silencing abolished the anti-apoptotic effect of TCDD by more than 90%. Suppression of C/EBP␤ or COX-2 by siRNA led to a decrease of ϳ60% of the TCDD-mediated inhibition of apoptosis (Figure 2 ). The results with gene silencing support that the TCDD-mediated antiapoptotic effects are AhR-dependent and involve the transcription factor C/EBP␤ as well as the activity of COX-2. 
Effect of TCDD on Bcl-2 Proto-Oncogenes
The Bcl-2 proto-oncogene family of proteins has been found to be important in regulating apoptosis in B cells and is involved in the pathogenesis of several subtypes of B-cell lymphomas. 47 These proteins include the antiapoptotic proteins Bcl-2, Mcl-1, and Bcl-xl, and the proapoptotic protein Bax. Levels of Bcl-2, Bcl-xl, Mcl-1, and Bax mRNA were examined by real-time PCR. The levels of Bcl-2 and the proapoptotic Bax were slightly decreased within the 48 hours of treatment with TCDD compared with control ( Figure 3) . However, the anti-apoptotic proteins Bcl-xl as well as Mcl-1 were significantly increased by TCDD in U937 cells.
Increase of COX-2 Is AhR-and C/EBP␤-Dependent and Involves Induction of Bcl-xl
To investigate whether the TCDD-mediated increase of COX-2 is AhR-dependent and mediated through C/EBP␤ as described earlier, 44 we analyzed the expression of COX-2, C/EBP␤, and Bcl-xl in U937 cells transfected with siRNA targeting the AhR, C/EBP␤, and COX-2. After 72 hours of siRNA transfection, the targeted mRNA was down-regulated by at least 70%. The results in Figure 4 show that treatment with TCDD for 48 hours induces COX-2, C/EBP␤, and Bcl-xl in an AhR-dependent manner. Using the linear DNA standards method, the absolute amount of mRNA was calculated as 1. 
COX-2 Induction Is Associated with a Time-Dependent Increase of COX-2 Protein and Secretion of PGE 2 , PGF 2␣ , and TBX 2
As shown in Figure 5 , the induction of COX-2 mRNA correlates with a time-dependent increase of COX-2 protein. A first significant increase of COX-2 protein was observed after 24 hours of TCDD treatment, which was further elevated after 48 and 72 hours of treatment (Figure 5) . To investigate possible alterations of the synthesis of prostanoids caused by increased COX-2 expression, we quantified ϳ40 metabolites of arachidonic acid (AA) and linoleic acids by LC/MS analysis. Table 3 shows that levels of three COX-2-dependent AA metabolites including prostaglandin E 2 (PGE 2 ), prostaglandin F 2␣ (PGF 2␣ ), and thromboxane B 2 (TBX 2 ) in supernatant of U937 cells were time dependently increased by treatment with TCDD throughout a time period of 72 hours. Of the 40 different AA metabolites measured by LC/MS, only the level of PGE 2 , PGF 2␣ , and TBX 2 was significantly affected by treatment with TCDD (Table 3 ). The most significant increase of 3-to 10-fold after 48 and 72 hours, respectively, by TCDD was found for PGE 2 , which is in line with a previous study. 33 The level of PGF 2␣ and TBX 2 was approximately twofold elevated at 72 hours after TCDD treatment.
Studies on the Effect of TCDD on Lymphoma Development in C57BL/10J Mice
This project was started by testing the effect of TCDD in two groups: C57BL/10J vehicle control (corn oil) intraperitoneally and intraperitoneal injection of an initial dose of 20 g of TCDD/kg. Mice received a biweekly maintenance dose of 1 g of TCDD/kg intraperitoneally. Each group consisted of three 8-week-old female C57BL/10J mice fed on regular diet. To assess tumor development mice were scanned for the first time after 30 days of initial treatment with TCDD by microPET imaging using FDG. A second PET imaging was performed 60 days after initial No visible signs of lymphoma development could be observed in control or TCDD-treated animals at the time of the first two PET scans 30 or 60 days after initial treatment (data not shown). One hundred-forty days after the initial treatment, a third PET imaging revealed activity consistent with lymphoma development in the TCDD-treated animals ( Figure 6A ), whereas control animals showed no signs of tumor development at this time point ( Figure 6B ). These results were confirmed in a second independent experiment with four animals in each group demonstrating FDG uptake consistent with the development of lymphoma only in TCDD-treated animals after 140 days of treatment. Activity in the heart and bladder caused by normal accumulation of FDG is usually detectable in all mice ( Figure 6, A and B) . The distinct anatomical location of the increased FDG activity is indicative of lymphomatous development. According to the localization, they are classified as superficial cervical lymph nodes, situated immediately above the submandibular salivary glands; axillary lymph nodes, present in the axillary fossa, and inguinal lymph nodes situated close to the bifurcation of the superficial epigastric vein ( Figure 6B ). Animals were sacrificed to remove lymph nodes and spleens to examine further the expression of COX-2, C/EBP␤, and Bcl-xl, as well as pathological evaluation for confirmation of lymphomatous development. In line with results from in vitro studies, we found a clear increase of COX-2 (17-fold), as well as significantly elevated levels of C/EBP␤ and Bcl-xl in the inguinal and axillary lymph nodes of TCDD-treated animals compared with lymph nodes of control animals. The absolute amount of mRNA was calculated as 0.6 ϫ 10 4 copies of COX-2, 1.5 ϫ 10 6 copies of C/EBP␤, and 1.2 ϫ 10 6 copies of Bcl-xl per 10 ng of total RNA of inguinal lymph nodes derived from control mice. A moderate increase for COX-2 and C/EBP␤ of approximately twofold was found in spleen of TCDD-treated animals ( Figure 6C ).
Histopathology Findings
Inguinal and axillary lymph nodes from TCDD-treated mice and controls were removed at necropsy. Both axillary and inguinal lymph nodes were enlarged (four to six times the size of the control lymph nodes), as a result of marked expansion of the cortex in B-cell zones ( Figure 7 , A and B). Within the medullary sinusoids there was infiltration of histiocytes and plasma cells intermingled with rare neutrophils. The cells in the expanded regions of the cortex were characterized by tightly packed sheets of small lymphocytes, which still respected the architecture of the lymph node and stained strongly with Pax5, a B-cell marker ( Figure 7, C and D) . The Pax5 gene encodes the B-cell lineage-specific activator protein (BSAP) that is expressed at early, but not late, stages of B-cell differentiation. Pax5 has also been implicated in human B-cell malignancies because it is deregulated by chromosomal translocations in a subset of acute lymphoblastic leukemias and NHL. 48 None of the lymphocytes in the expanded regions stained with CD3, a T-cell marker (data not shown). These features are consistent with a lymphoproliferative disorder indicating a premalignant state in the lymph nodes.
Discussion
This study shows that activation of the AhR results in resistance to an apoptotic response in three different human lymphoma cell lines. Previous reports have shown that the ligand-dependent activation of AhR by TCDD leads to inhibition of apoptosis in vitro as well as in vivo. 20 -25 Consequently, the anti-apoptotic response has been linked to the tumor-promoting action of TCDD and other dioxin-like compounds that activate the AhR. 18, 23 The anti-apoptotic effect observed in this study correlates with the TCDD-induced expression of COX-2, C/EBP␤, and Bcl-xl in U937, DOHH-2, and Namalwa cells. Suppression of AhR and COX-2 using gene-silencing technique and specific inhibitors indicate that the anti-apoptotic effect of TCDD is mediated through the AhR and COX-2 signaling pathway. The results further show that the induction of COX-2 as well as Bcl-xl involves the expression of C/EBP␤. These data are in line with recent findings showing that the AhR-mediated induction of COX-2 by TCDD involves the stimulation of C/EBP␤ signaling. 33, 44 Like COX-2, C/EBP␤ is known to contribute to the deregulation of Bcl-2 and apoptosis in lymphoma cells. 27 The AhR-dependent induction of COX-2 by TCDD has been shown previously in multiple cell lines as well as in vivo. 49, 50 Although the increased expression of COX-2 is consistent in lymphoma cell lines and high levels of prostaglandins have been found in patients with lymphoma, 40 ,51 the role of COX-2 in the pathogenesis of lymphoma is not well defined. However, COX-2 is a likely candidate mediating the anti-apoptotic effect of the TCDD-activated AhR because overexpression of COX-2 has been shown to result in increased resistance to apoptosis. 52 The role of COX-2 in preventing apoptosis is obviously mediated by COX-2-derived PGE 2 , which attenuates cell death. 53 One of the downstream targets of PGE 2 responsible for the anti-apoptotic effect seems to be the increased expression of members of the Bcl-2 family including Bcl-xl and Mcl-1, 53,54 which may be a key anti-apoptotic mediator. The only other COX-2-derived prostaglandin implicated in oncogenesis is TXA 2 , which was reported to promote angiogenesis. 55 To obtain insights into the possible alteration of the synthesis of prostaglandins, which are involved in cellular processes including cell growth, differentiation, and apoptosis, LC/MS analyses was performed. In the current study, we could show that the time-dependent increase of COX-2 protein results in distinct elevated levels of PGE 2 secreted by U937 cells treated with TCDD. Therefore, it seems reasonable that the COX-dependent inhibition of apoptosis by TCDD is attributable to increased levels of PGE 2, which may mediate the increased expression of Bcl-xl and Mcl-1. The ability of Bcl-2 proto-oncogenes to inhibit apoptosis is well accepted. Several members of the Bcl-2 gene family have also been identified including Bcl-2, Bcl-w, Bcl-xL, and Mcl-1, which function as repressors of apoptosis. 47 The level of Bcl-2 or Bcl-w did not significantly change in U937 cells by TCDD, whereas Mcl-1 was increased. The most significant effect has been observed on the expression of Bcl-xL, which was increased by TCDD in all three lymphoma cell lines included in this study.
The most important question we addressed was whether TCDD would indeed promote the development of lymphoma in vivo. In an effort to find evidence for the promoting effect of TCDD on the development of lymphoma in an animal model, we chose the C57BL/10J mouse. C57BL/10J is a substrain of C57BL/6J, which is a widely used inbred strain expressing the b-allele for a high-affinity AhR. MicroPET imaging revealed lymphoma development in animals after 140 days of the initial treatment with TCDD, whereas control animals showed no signs of tumor development at this time point. Distinct foci of increased activity in the TCDD-treated animals occur at anatomical locations consistent with lymphomatous involvement, for example the axillary and inguinal lymph nodes. Malignant lymphomas could not be diagnosed by histopathological evaluation, but increased lymphoproliferation was evident indicating a premalignant state of the lymph node. To investigate the most prominent effects of the in vitro studies, we analyzed the expression of COX-2, C/EBP␤, and Bcl-xL in the lymphoma tissues. In line with results from in vitro studies, we found a clear increase of COX-2 as well as significantly elevated expression levels of C/EBP␤ and Bcl-xL in the inguinal and axillary lymph nodes of TCDD-treated animals compared with lymph nodes of control animals. To evaluate the absolute amount of mRNA transcripts, a linear DNA standards method was used. The results revealed that the abundances of COX-2 as well as Bcl-xl mRNAs in U937 cells are similar compared with the amount of the corresponding mRNA transcripts found in inguinal lymph nodes of mice. These data suggest that the amount of COX-2 mRNA induced by TCDD for instance is likely to be sufficient to exert a biological effect, which is supported by the analysis of COX-2 protein and the level of PGE 2 determined in U937 cells.
Taken together, the results indicate that TCDD provides a favorable environment for tumor transformation through up-regulation of COX-2, C/EBP␤, and Bcl-xL because histopathology findings demonstrate a premalignant state of the lymph nodes at this time point. Further, this study showed that the activity of AhR and COX-2 are critical factors inducing a resistance of the apoptotic response in lymphoma cell lines and the development of lymphoma in vivo. These findings indicate that AhR antagonists might be a useful approach to enhance proapoptotic actions of cancer therapies. To determine the relevance of the AhR activation and COX-2 overexpression, further in vivo studies are needed to investigate the potential chemopreventive effect of AhR antagonists and COX-2 inhibitors on the development of lymphoma.
